accurately forecast, coastal populations still commonly misunderstand storm surge impacts on coastal buildings, marine infrastructure, utilities, and transportation infrastructure, such as coastal roads and bridges. This chapter addresses these issues by discussing the physical processes that generate storm surges, while providing some insight into impacts in lowlying coastal communities along the United States' Gulf of Mexico Coast. Such information is likely helpful to professionals in the fields of emergency management and law enforcement, planning, insurance, construction, urban planning, health care, science and engineering, as well as to coastal populations who live in regions vulnerable to tropical cyclone-generated storm surges.
Physical processes that generate storm surge
A storm surge is defined as a dome of increased sea level height in association with the approach of an intense cyclone. Persistent onshore winds, in conjunction with reduced air pressure, force water levels to rise, especially in shallow water of impacted coasts. Although tropical or extratropical cyclones can theoretically produce storm surges in any ocean basin, tropical cyclones produce the most destructive surges in terms of extreme water-level heights and human impacts. An understanding of tropical cyclone-generated storm surge climatology requires a brief examination of the physical processes that shape tropical cyclone development. These parameters include sea surface temperatures exceeding 26 degrees C (Ali 1996; Holland 1997; Gray 1998) , and proximity to the Intertropical Convergence Zone (ITCZ), or its regional manifestation, such as the South Pacific Convergence Zone (SPCZ) (De Scally 2008) . Proximity to this global band of low pressure is necessary to provide the atmospheric lift for cyclonic development (Ali 1996; Dube et al. 1997; De Scally 2008) . Furthermore, tropical cyclones tend to form between 5°-25° of latitude because at these latitudes the Coriolis parameter is sufficient to generate the dynamic potential of an area of convection (Gray 1998) . As the Coriolis parameter is a function of latitude, with no Coriolis forcing at the equator and higher forcing found at higher latitudes, tropical cyclone development is generally suppressed near the Equator . Although the Coriolis parameter is more favorable for cyclonic development in higher latitudes where forcing is greatest, cooler ocean waters and detachment from the ITCZ in latitudes poleward of approximately 25 degrees latitude suppress the development of tropical cyclones. Figure 1 and Table 1 reveal the most favorable regions for tropical cyclogenesis, and the average annual number of tropical cyclones observed in each ocean basin (Landsea 2007) . Once a tropical cyclone has developed, atmospheric circulation will usually steer the cyclone from the point of origin, sometimes transporting the disturbance thousands of kilometers from the point of origin. The atmospheric circulation of the specific ocean basin will govern the exact path of the storm. Typical circulation patterns exist for each basin, depending on several physical factors. For example, the clockwise circulation around the Bermuda and Hawaiian Highs, the dominant mid-oceanic features in the North Atlantic and North Pacific Oceans, respectively, typically produce easterly trade winds between 10 and 25 degrees latitude, the region of highest tropical cyclogenesis. This typical circulation pattern causes most tropical cyclones in these basins to initially travel westward in the easterly trade winds, before making a northerly turn as they approach North America or East Asia. Spatial patterns of tropical cyclone landfalls develop as the processes of tropical cyclone development and movement are considered within the context of physical geography. Exposed islands, peninsulas and capes often experience the highest landfall frequencies. Coasts that curve in a convex manner, such as the North Carolina coast, along the eastern seaboard of the United States, protrude from the continent and experience higher frequencies of tropical cyclone strikes than concave-bending coasts, such as the Georgia coast, 650 kilometers to the southwest (Keim et al. 2007 ). As tropical cyclones approach a coastline, several additional factors determine the characteristics of the resultant storm surges. These factors include maximum sustained cyclonic winds at landfall and offshore, minimum central pressure, cyclone size, forward movement and angle of approach to the coast, shape and bathymetry of the coastline, and presence of obstructions to flowing water. Wind stress is the predominant factor forcing storm surge and destructive waves generated by hurricanes (Harris 1963) . A quantitative relationship exists between wind speed and water heights, as wind stress exerts a force on water that increases exponentially as wind speeds increase (Ali 1996) . Kurian et al. (2009) Keim and Muller (2008) , adapted from Neumann et al. (1993) .
the generated surge, however, as recent research has discovered the importance of other cyclonic variables on storm surge heights, some scientists may argue that these figures provided by Kurian et al. (2009) overestimate the influence of wind speed. It should be noted that pre-landfall wind speeds likely influence maximum storm surge heights to a greater extent than wind speeds at landfall, especially for hurricanes that rapidly strengthen or weaken as they approach the coast. discovered that a scaled 24-hour, pre-landfall intensity average and a 12-hour pre-landfall instantaneous wind speed seem to be the best predictors of storm surge height. This may seem counterintuitive, as many meteorologists, as well as the media, focus attention on predicted wind speeds at landfall. However, the transfer of momentum from the atmosphere to the water, as strong winds blow over the water surface, requires time, therefore enabling hurricanes that rapidly weaken (strengthen) as they approach the coast to often generate higher (lower) surges than anticipated. Hurricanes Katrina and Wilma (2005) exemplify this phenomenon. The National Hurricane Center downgraded Katrina's surge forecast as the storm rapidly weakened while approaching the Mississippi Coast, but upgraded Hurricane Wilma's surge forecast as the hurricane rapidly intensified before making landfall in Southwest Florida. In hindsight, both of these changes increased forecasting errors, as the surge levels predicted using offshore intensities were more accurate than the forecasts that accounted for sudden intensity changes before landfall ). An inverse relationship exists between air pressure and storm surge heights. This relationship is sometimes called the inverted barometer effect, or law of the inverted barometer (Welander 1961) . As barometers measure the amount of atmospheric pressure exerting downward force on a given location at Earth's surface, reduced barometric readings mean less atmosphere is pressing down from above, thus, enabling sea levels to rise slightly. The sea level rises approximately one centimeter for every millibar of air pressure reduction (Welander 1961 (Simpson et al. 1970) , or approximately 108 millibars less than the atmospheric average pressure of 1013 millibars (National Aeronautics and Space Administration 2010). The inverted barometer effect indicates that reduced air pressure in this cyclone accounted for only 1.08 meters in storm surge rise, or about 14 percent of the maximum storm surge height of 7.5 meters at Pass Christian, Mississippi (Simpson et al. 1970) . Cyclone size is an important factor that has been underestimated until recently, after very large hurricanes Katrina (2005) and Ike (2008) generated larger surges than anticipated (Irish et al. 2008) . The relationship between storm size and surge levels has likely been underestimated because research conducted on storms from the 1950s through 1970s lacked examples of massive storms like Katrina (Irish et al. 2008) . Hurricane Katrina's size likely enabled the storm, a category-3 storm on the Saffir-Simpson Scale at landfall, to generate larger surge heights than category-5 Camille along the same coastline. Katrina's Category-5 winds, one day before landfall, enabled the storm to generate such a massive surge. It is believed that the massive size of Katrina then enabled it to maintain this enormous surge even as it weakened before striking the coastline. As such, both Hurricanes Charley (2004) and Katrina (2005) also indicate that the lifecycle of hurricanes before landfall can play some role in producing surge. For example, Hurricane Charley's rapid intensification before landfall did not allow for a large build-up of surge over time like Hurricane Katrina, which weakened before landfall. In addition to producing higher surges, larger cyclones also inundate more coastline. In a modeling experiment, Irish et al. (2009) discovered that a 10 km increase in the hurricane pressure radius, a measure of hurricane size, produced a 20-100% increase in the extent of coastline inundated by high surge, at least 2 meters high in this particular experiment. This reasoning partially explains the reason why Hurricane Ike (2008) inundated more than 350 km of Texas and Louisiana Coastline with at least 2 meters of storm surge (See Figure 3) . Forward cyclonic movement is a factor often overlooked in surge research (Rego and Li 2009) . Weisberg and Zheng (2006) resolved that slower-moving cyclones generate higher surges than faster-moving cyclones, because slower-moving storms have more time to redistribute water. It is also reasonable that slower-moving storms would elevate water levels for longer time periods, therefore, increasing the amount of time that coastal communities are susceptible to damage from surge and waves. Coastline shape and the presence of natural and artificial obstructions to flowing water, such as coastal forests and levees, have profound effects on storm surge, sometimes producing extreme localized water level differences (Jarvinen and Neumann 2005) . The highest surges usually occur where water approaches the coast in a perpendicular direction, especially when funneled into inlets and bays. The Advanced CIRCulation Model for Coastal Open Hydrodynamics (ADCIRC) of Hurricane Katrina's surge clearly depicts these localized differences along the Mississippi River south of New Orleans (Interagency Performance Evaluation Taskforce Report 2006). Both natural and artificial levees along the river inhibited surge from flowing across the river from east to west, therefore enhancing surge levels on the east side of the river. In some locations surge levels on the east side of the river were more than three meters higher than the west side, less than two kilometers away ( Figure 4 ). Storm surge levels were also enhanced along the Mississippi River Gulf Outlet Reach 2 (MRGO Reach 2), as strong winds blew from the northeast, nearly perpendicular to the levees in this section (Ebersole et al. 2010) . Notes: 1. Water levels in this figure are given in meters above NAVD88. 2. The ADCIRC surge model reveals dramatic localized difference in storm surge along the Mississippi River levee, south of New Orleans. Surge levels on the east side of the river are more than 3 meters higher than the west side of the river in some locations.
Shallow bathymetry enhances storm surge because deeper water currents cannot carry away excess water, and as a result, water accumulates in shallow areas (Rappaport and Fernandez-Partagas 1995) . Bays and gulfs, especially associated with large river deltas, therefore, generally experience larger surges than shorelines adjacent to open ocean or steeper continental shelves. For example, the extremely shallow waters near the mouth of the Mississippi River, created by extensive silt deposits, enhance the surge levels of hurricanes that track near the delta. These shallow waters enhanced the surge heights of Hurricanes Camille (1969) and Katrina (2005) , helping these cyclones generate the two largest storm surges in United States history. Pass Christian, Mississippi, on the eastern shore of Bay St. Louis, observed the location of peak storm surge in both of these events. Chen et al. (2008) hypothesize that the shallow waters south of the Mississippi Coast, produced by deltaic lobes from the Mississippi River, were the primary reason that Hurricane Katrina's surge was extraordinarily high, and that the surge may have been four meters lower had Katrina tracked over a wider and more steeply sloping continental shelf, similar to the bathymetry south of Mobile Bay, Alabama ( Figure 5 ). Storm surges sometimes inundate entire regions; widespread surge events can flood more than 1,000 kilometers of coastline (Berg 2009 ). Larger cyclones generally inundate more extensive areas than smaller cyclones with similar maximum wind velocities, while cyclones that track parallel or at an oblique angle to the coastline will usually flood longer stretches of shoreline than cyclones that make a perpendicular approach to the coast at landfall. The high water profiles depicted in Figures 3 and 7 reveal that Hurricane Ike inundated a much larger expanse of coastline than Hurricane Camille, even though Hurricane Ike made landfall as a Category-2 storm on the Saffir Simpson Scale, compared with Camille's extraordinary Category-5 sustained winds and 190-mile-per-hour gusts (National Weather Bureau 1969) along the Mississippi coast. Ike's much larger geographic size and oblique path relative to the coastline enabled the cyclone to inundate a wider swath of the coast. Generally, the portion of coastline that observes onshore winds will usually experience the greatest surge levels, with water heights increasing closer to the path of the cyclone. In contrast, the region that observes offshore winds will often experience much lower surge levels. In the northern hemisphere, onshore winds are observed to the right of the path of the cyclone, while offshore winds are experienced to the left ( Figure 6 ). In certain cases, offshore winds create negative surges, in which winds push enough water away from land that water levels fall below normal levels. This phenomenon is usually experienced when offshore winds are observed on the leeward side of a peninsula, island or isthmus. These geographic features experience the majority of negative surges because they are wide enough to impede the surge that strikes the windward coastline, yet thin enough to not significantly weaken the cyclone. The west coast of Florida, for example, observes negative surges because cyclones commonly track from east to west across the peninsula, producing strong offshore winds to the north of the cyclonic path. Examples of this phenomenon include the negative surges of minus 2.01 meters at Tampa in October 1910 (Cline 1926) , minus 1.83 meters at Tampa in September 1926 (Harris 1963 ) and minus 1.37 meters at Cedar Key in September 2004 (Lawrence and Cobb 2005) . Sometimes positive surges immediately follow negative surges, such as the 1.07 foot positive surges that followed both the 1910 and 2004 negative surges at Tampa and Cedar Key, respectively (Cline 1926; Lawrence and Cobb 2005) . Negative surges can damage property or infrastructure that are dependent upon the presence of water, such as marinas or industries that require water as a cooling agent. They can also endanger people, who are enticed by the novel opportunity to walk on the bed of a bay or river, unaware that a sudden change in wind direction could bury them under a torrent of rushing water. Bevan (2001) , of the National Hurricane Center, reports that curious people did this very thing during Hurricane Keith (2000) in Belize. 
Storm surge impact scale for coastal communities
Scientific literature contains little information that describes the incrementally destructive nature of storm surge inundations in coastal communities as the magnitude of storm surges increase. In this regard, coastal communities lack critical information that could help them improve long-and short-term decisions in preparation for storm surge inundation. With regard to long-term decision-making, such information could improve coastal planning, thereby reducing both human and economic losses in surge events. Coastal planning would likely improve, as people understand the major, moderate and minor impacts of storm surge in their community, as well as the frequency with which those impacts are likely to occur. For example, beach erosion was a relatively minor impact of Hurricane Katrina along the Mississippi Coast, at least compared to the loss of human life and total economic losses. However, the Mississippi beaches are important for the local economy, as tourism along the Mississippi Gulf Coast generates $1.3 billion in revenue and employs around 27,500 people (www.gulfcoast.org). Beach restoration projects have attempted to restore the sand, and return beaches to pre-Katrina conditions; an effort aimed at enhancing the quality of life in this area and boosting the local economy. However, communities along the Mississippi Coast will likely benefit from making informed decisions on such projects, which involve knowledge of storm surge impacts and frequencies. Relevant questions may address the critical storm surge level that erodes most of the sand and/or how often can we expect that surge level to be repeated. As these questions are answered, local and regional governments can make informed decisions that account for localized surge risk. With regard to short-term decision-making, such information could help in the evacuation process, as well as localized emergency preparedness. As communities understand impacts of various surge heights, they are more likely to take appropriate precautions, but less likely to over-react and take unnecessary precautions. Overreaction of local governments to storm surge threat may have negative long-term implications, as coastal populations become more skeptical of future warnings. For example, many people who evacuated the Upper Texas Coast as Hurricane Rita (2005) approached did not evacuate before Hurricane Ike (2008), because they became skeptical after Rita did not produce the anticipated surge in their specific region. Unfortunately, Ike generated a catastrophic 5.33-meter surge, which directly claimed 7 lives and was indirectly responsible for 55 other fatalities, including several people dying from carbon monoxide poisoning, a bus crash during the evacuation, and heat exhaustion. Ike also caused an estimated $10 billion in damages . In view of this gap in the scientific literature, this chapter introduces the Storm Surge Impact Scale for Coastal Communities. This index provides information on the incremental impacts of surge inundation in coastal communities as surge levels increase, providing four categories of increasingly destructive surge impacts, listed as Impact Level 1 through Impact Level 4. These levels were defined from storm surge height and damage descriptions provided by anecdotal hurricane literature for the United States Gulf Coast. This research is based on anecdotal descriptions of over 230 surge events along the United States Gulf of Mexico from 1880-2009 which were utilized to help develop this classification system; the U.S. Government provided 15 of these quotes, newspapers provided eight, scientific journals provided five and books provided three. These quotes provide information on the surge height as well as the damage description for each surge event.
As the creation of this index was based upon anecdotal storm accounts from the U.S. Gulf Coast, specific storm surge heights associated with each increment may not apply to other water basins, although the increasingly destructive impacts of each increment would likely relate to most locations susceptible to tropical cyclone-generated storm surges. Even along the U.S. Gulf Coast, some localized differences in surge heights associated with each increment may exist, although the surge height generalizations presented in this index hold true for most communities, as this coastal area is remarkably flat, with most coastal communities residing between 1.0 and 1.5 meters above mean sea level. The lowest-impact category, Impact Level 1, describes storm surges that are less than or equal to 1.22 meters. The highest category, Impact Level 4, describes storm damage for surges of 2.44 meters or greater. Although surges on the Gulf of Mexico sometimes substantially exceed this level, the obvious visible thresholds, such as flooding of roads and coastal structures, are surpassed, making anecdotal distinctions between surges of various magnitudes in this category more difficult. Also, coastal populations should likely take similar precautions for all destructive storm surges (Impact Level 4), regardless of the storm surge magnitude within this class. It should also be noted that this index provides a valuable tool for researchers investigating physical and social history. In most locations, anecdotal accounts of extreme weather phenomena pre-date information recorded by trained scientists or instruments. Therefore, anecdotal storm descriptions are often more prevalent in historical literature than are exact measurements. This index provides a method for researchers to estimate historic storm surge heights, a practice that may be directly valuable in the fields of meteorology, climatology, oceanography, and geomorphology, as well as indirectly useful in fields such as engineering, health care, and history. This new index is similar to the Storm Impact Scale for Barrier Islands, created by Sallenger, Jr. (2000), which also defines four levels of storm impacts along the coast, while focusing on the physical impacts to barrier islands, such as beach erosion and sand transport. The Storm Surge Impact Scale for Coastal Communities includes some information about beach erosion, but also includes information about impacts to coastal communities and infrastructure, such as roads and bridges. Figure 8 displays a summarized version of this impact scale in the form of a schematic that associates surge levels with damage descriptions. The generalized patterns found in this index are subject to localized differences in topography, as well as differences in the physical landscape, such as the presence of levees, dunes or other natural or artificial floodcontrol devices. Table 5 for a list of anecdotal quotes that relate this surge height with the damage description.
Summary and conclusion
Several physical processes are responsible for generating storm surges in association with landfalling tropical storms and hurricanes. Although wind stress is the predominant factor forcing surge heights, several other processes often enhance or diminish maximum surge heights. Low air pressure clearly contributes to storm surge, but its overall impact is modest. Cyclonic size is an important factor that has been underestimated until recently, after very large hurricanes Katrina (2005) and Ike (2008) generated larger surges than anticipated. Forward cyclonic movement is another factor which influences surge heights, as slower moving storms often produce higher surges, and inundate the coastline for longer periods of time. Coastline shape and the presence of natural and artificial obstructions to flowing water, such as coastal forests and levees, sometimes have profound localized effects on storm surge height, especially where water approaches the coast or a barrier in a perpendicular direction, and is forced to rise. Shallow bathymetry is another factor which enhances surge heights, as underwater currents cannot distribute water unless the bathymetry is relatively deep. After recognizing these contributing factors leading up to storm surge, it should come as no surprise that Hurricane Category alone cannot accurately estimate surge at a specific coastline. As a result, this chapter also presented a classification system for surge based on anecdotal information mostly from U.S. government sources, newspapers and books. The classification system has four categories of increasingly destructive surge impacts, ranging from Impact Level 1, with minor "Marine Impacts" to Impact Level 4, with "Destructive Impacts" that often penetrate far inland. The classification should be of some benefit to coastal zone planners, emergency managers, and researchers.
